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Abstract 

Broomrapes (Orobanche/Phelipanche spp.) are holo parasitic plants that subsist on the roots 

of a variety of agricultural crops and cause severe losses to the yield quality and quantity.  

Effective methods for controlling parasitic weeds are scarce, with only a few known 

cases of genetic resistance. In the current study, we proposed an improved strategy for the 

control of parasitic weeds based on trans-specific gene-silencing of three parasite genes at 

once. We used two strategies to express dsRNA containing selected sequences of three 

Phelipanche aegyptiaca genes PaACS, PaM6PR and PaPrx1 (pma): transient expression 

using Tobacco rattle virus (TRV:pma) as a virus-induced gene-silencing (VIGS) vector and 

stable expression in transgenic tomato Solanum lycopersicum (Mill.) plants harboring a 

hairpin construct (pBINPLUS35:pma). siRNA-mediated transgene-silencing (20–24 nt) was 

detected in the host plants. Our results demonstrate that the quantities of PaACS and PaM6PR 

transcripts from P. aegyptiaca tubercles grown on transgenic tomato or on Tobacco rattle 

virus-infected Nicotiana benthamiana plants were significantly reduced. However, only partial 

reductions in the quantity of PaPrx1 transcripts were observed in the parasite tubercles grown 

on tomato and on N. benthamiana plants. Concomitant with the suppression of the target genes, 

there were significant decreases in the number and weight of the parasite tubercles that grew on 

the host plants, in both the transient and the stable experimental systems. The results of the 

work carried out using both strategies point to the movement of mobile exogenous siRNA from 

the host to the parasite, leading to the impaired expression of essential parasite target genes. In 

light of the importance of parasitic weeds to world agriculture and the difficulty of obtaining 

resistance by conventional methods, we assume that genetic resistance based on the silencing 

of key metabolic genes in the parasite is now feasible. 
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Contribution of collaboration 

Cooperation has been extremely close during the second year of the project. Initially, the 

collaborating partners communicated by email to discuss science and coordinate the 

project. Plasmid DNA and constructs were exchanged between both countries. On July 

15th, 2015, Radi Aly PI of the project joined the Yoder’s lab at UC-Davis CA to stay for 

one sabbatical year in order to make more progress and engage in more discussion.  This 

visit was enormously valuable, allowing a daily exchange of ideas and information, and 

providing a close link with the Newe Ya’ar group, where work continues on generating 

tomato plants with new constructs and resistance analysis of the transgenes. 
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Achievements 

 

In the first year: Three metabolic important genes namely, Peroxidase (Prx1, 

AY692263), Mannose 6-phosphate reductase (M6PR) (Aly et al., 2009) and 1-Amino-

cyclopropane-1-carboxylate synthase (ACC synthase, AB219097) of the parasitic weed 

P. aegiptiaca were selected for silencing. We have demonstrated that transient knock-

down of the parasite genes (Prx1, M6PR, and ACC synthase) inhibited tubercle 

development and the infestation process in tobacco host plants. Furthermore, we have 

successfully prepared a new gene constructs, CaMV35S-ACS-M6PR-Prx in an inverted 

repeat form to be transformed into tomato plants via the binary vector pBINPLUS for 

stable transgene expression. Additional promoters for their effectiveness at driving 

hairpin silencing and twelve genes were selected as killer candidates. 

P. aegyptiaca target gene sequences  

Based on the database of P. aegyptiaca ESTs from the Parasitic Plant Genome Project 

(http://ppgp.huck.psu.edu/;Westwood et al., 2011), PubMed-NCBI data sequences and an 

older database of P. aegyptiaca sequences (Aly et al., 2009), we identified and confirmed 

suitable DNA sequences (Supplementary Figure S1) from non-homologous regions of the 

three target genes that differ between P. aegyptiaca, tomato and N. bentamiana, to avoid 

silencing any host genes. 

Silencing of P. aegyptiaca target genes via TRV vectors 

The selected target regions of PaM6PR (268bp), PaACS (299bp) and PaPrx1 (232bp) 

from P. aegyptiaca (Supplementary Figure S1) were cloned in a transient expression 

system (TRV) vector (Figure 1A), as described by Liu et al.(2002). N.benthamiana plants 

were agro-infiltrated with the recombinant TRV2:pma and TRV (Figure 1A) according to 

the method described by Bachan and Dinesh-Kumar (2012). Accumulation of TRV and 

TRV:pma in roots and leaves of N.benthamiana plants was confirmed by RT-PCR (Figure 

1B). The expression levels of the target gene mRNA in P. aegyptiaca grown on assayed 

N. benthamiana plants were evaluated using quantitative RT-PCR. This analysis showed 

that the transcript amounts of PaACS and PaM6PR were significantly reduced in the 

parasite tubercles growing on N. benthamiana plants infected with recombinant TRV as 
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compared to N.benthamiana plants infected with TRV (Figure 1C). No significant 

suppression of the production of PaPrx1 transcripts was observed in the parasite 

tubercles grown on N. benthamiana plants infected with recombinant TRV (Figure 1C). 

 

 
Figure 1. Suppression of PaACS, PaM6PR and PaPrx1 mRNA in P. aegyptiaca via 
TRV-VIGS assayed in N. benthamiana plants. (A) Schematic representation of the 
construct cloned in the pTRV2 vector according to Liu et al. (2002). (B) Systemic 
infection of recombinant TRV:pma and the TRV control in leaves and roots of 
N.benthamiana plants. RT-PCR was used to assess the accumulation of TRV RNA1 and 
2. The actin gene served as a control. (C) Quantification of PaACS, PaM6PR and PaPrx1 
mRNA by qRT-PCR analysis was normalized to actin transcript levels in P. aegyptiaca 
tubercles attached to N. benthamiana plants that were infected with TRV and TRV:pma. 
All analyses were performed using three biological replicates. TRV-infected plants were 
calibrated to the value 1. 
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Retardation of P. aegyptiaca development onN .benthamiana plants infected with 

TRV:pma 

N. benthamiana plants were assayed for resistance to P. aegyptiaca in pots in which 

infected plants were pre-challenged with the parasite seeds 10 days before agro-

infiltration in the greenhouse (Aly et al., 2014). Parasite infection rates and the number 

and total weights of P. aegyptiaca tubercles larger than 2 mm were determined on 

TRV:pma and TRV control plants two weeks after agro-infiltration. TRV:pma-treated 

plants expressing the target sequences of PaACS, PaM6PR and PaPrx1had significantly 

fewer parasite tubercles and the weight of those tubercles was also more than 50% lower 

among these plants, as compared to the control plants (Figure 2A, B). Growth of the 

parasite shoots also ceased (Figure 2C). Our data suggest  that mobile siRNA might move 

from the host plant to the parasite tubercles and differentially affected the silencing of the 

target genes. Since the efficacy of the trans-silencing of the target sequences in P. 

aegyptiaca was confirmed for at least two genes (ACS and M6PR) through the use of the 

transient VIGS strategy, we conducted experiments for stable transformation into tomato 

Solanum lycopersicum L.‘MP-1’plants, to determine efficacy of this trans-silencing 

strategy in stable transgenic lines. 
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Figure 2. Retardation of P. aegyptiaca development on VIGS-assayed N. benthamiana 
plants. The resistance of N. benthamiana plants to P. aegyptiacawas assayed by 
transplanting N. benthamiana seedlings into pots containing soil infested with P. 
aegyptiaca seeds (20 mg) 7–10 days before agro-infiltration. To evaluate host resistance 
to the parasite, host roots of rec-TRV- and TRV-treated plants were rinsed 25–30 days 
after they were challenged with P. aegyptiaca seeds. Tubercles larger than 2 mm 
(Diameter) were considered for analysis. The number of parasitic tubercles (A), average 
weight of tubercles (B) and representative tubercle growth of the parasitic plants attached 
to rec-TRV- and TRV-treated plants (C) were analyzed. Bars represent means of 10 
replicates and vertical lines indicate SE values.Asterisks (*) indicate means different 
from that of the control and significant differences between empty vector-infiltrated 
plants and vector-containing target genes in the VIGS trials, as determined by Student’s t-
test,α = 0.05.  
 

In the second year: The gene construct CaMV35S:ACS:M6PR:Prx (from first year) was 

introduced into tomato plants via the binary vector pBINPLUS for stable transgene 

expression. We characterized the expression of the siRNA and the endogenous target 

genes in tomato and in the parasite by PCR, RT-PCR and quantitative real time PCR. 
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Transgene resistance against the parasite was also analyzed in pot systems. We have 

demonstrated that few lines of transgenic tomato plants harboring the 

CaMV35S:ACS:M6PR:Prx construct, knocked down the target genes, reduced 

significantly infestation rate and inhibit tubercle development in the parasite P. 

aegyptiaca. Furthermore, we have successfully transformed tomato plants with a new 

gene construct, HMG2:ACS:M6PR:Prx in an inverted repeat form for stable transgene 

expression.  

Characterization of stable transgenic tomato lines and their resistance to the 

parasite 

The binary pBINPLUS35:pma construct (Figure 3A) harboring fragments of PaPrx1, 

PaM6PR and PaACS in a hairpin configuration was transformed into tomato Solanum 

lycopersicum ‘MP-1’as described by Leibman et al. (2015). Several independent lines of 

transgenic tomato containing pBINPLUS:pma were developed through Agrobacterium-

mediated transformation. Twenty-six independent transgenic tomato lines were generated and 

five lines (2, 17, 35, 45 and 59) were selected for use in further experiments based on transgene 

expression as determined by RT-PCR. PCR was used to confirm the presence of the transgene 

in the selected T1 transgenic lines (Figure 3B). A segregation ratio of close to 3:1 was noted for 

kanamycin resistance (data not shown), which may indicate the presence of a single locus in 

those transgenic lines. Expression levels of the transgene transcripts of lines 2, 17, 35, 45 and 

59 (T1 progeny) were analyzed by RT-PCR , using target gene-specific primers (Figure 3C). 

The transgene transcripts were detected only in the transgenic lines using specific 

primers (Figure 3C). Interestingly, the level of transgene transcript varied between the different 

target genes:Prx1≥M6PR ≥ACS. This could be due to the orientation and position of the 

fragment in the inverted repeat construct, as was demonstrated by Wroblewski et al. (2014). 

In addition, the differences in transcript levels (Figure 3C) may reflect rapid processing of 

transgene dsRNA by DCLs to siRNA. So the low level of transcripts in line 59 may indicate a 

rapid processing to siRNA. This data explain why the low level of transcript in line 59 is 

associated with  more efficient silencing.  

To verify the transgene dsRNA processing by DICERs, we used northern blotting to 

analyze the accumulation of transgene siRNA in the roots of transgenic and non-transgenic 
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lines. The accumulation of transgene siRNA was detected and confirmed in several lines, 

including lines 2, 17 and 59 (Figure 3D). The horticultural traits of the transgenic T1 tomato 

lines appeared normal and the plants were fertile under greenhouse conditions. No 

phenotypic differences were observed between these plants and the corresponding non-

transformed MP-1 plants during the vegetative (Figure 3E) or reproductive growth stages (data 

not shown).  

 

 
Figure 3. Integration and expression of the PaACS, PaM6PR and PaPrx1 fragments in 
T1 transgenic tomato lines. (A) Schematic representation of the silencing construct 
pBINPLUS35S:pma binary vector harboring the target genes PaACS, PaM6PR, and 
PaPrx1 in hairpin configuration. (B) The presence of the transgene in selected T1 lines 
(2, 17, 35, 45 and 59) was confirmed by PCR analysis of extracted DNA. Lanes NT and 
pl show the PCR products from the non-transgenic control plants and the 
pBINPLUS35S:pma binary vector, which served as a positive control. For RT-PCR 
analysis, total RNA was extracted from tomato roots and cDNA was then prepared using 
random hexamer primers. (C) Levels of the transgene transcripts were analyzed by RT-PCR 
of the self-pollinated progenies (T1) of the transgenic lines 2, 17, 35, 45 and 59. Expression of 
the actin gene was used as a control for the RT-PCR procedure, the construct 
pBINPLUS35S:pma (pl) served as a positive control and (–RT) served as a negative 
control. (D) Northern blot analysis of transgene-siRNA (t-siRNAs) accumulated in 
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transgenic lines 2, 17 and 59. Non-transformed tomato (NT) served as a negative control. 
Approximately 30 µg of total RNA from each sample were separated on a 15% urea-
PAGE gel and then transferred to a nylon NX membrane. Hybridization was performed 
with 32P-labeled transcripts of the transgene clone. The gel was stained with ethidium 
bromide for RNA evaluation prior to transfer to nylon (EtBr stain). (E) Growth and 
appearance of the transgenic tomato plants (Tr) and non-transgenic (non-Tr) tomato 
plants in a greenhouse. 
 

To determine whether transgene siRNA produced in the host would move into P. aegyptiaca 

and affect the accumulation of the parasite mRNA targets, we examined the expression levels 

of the target genes (PaPrx1, PaM6PR and PaACS) in viable P. aegyptiaca tubercles. Our 

quantitative RT-PCR analysis showed that the level of endogenous target mRNA in the parasite 

tubercles was reduced relative to the levels in P. aegyptiaca tubercles grown on transgenic T1 

tomato plants containing an empty vector (EV) or non-transgenic tomato plants (NT; Figure 

4A). Levels of PaACS, PaM6PR and PaPrx1 mRNA in P. aegyptiaca tubercles attached to 

plants of line 59 were significantly suppressed (more than 6-, 12- and 3-fold, respectively; 

Figure 4A). Significant mRNA suppression of PaM6PR and PaPrx1 was observed among 

plants of line 17 and, among the plants of line 2, only PaM6PR mRNA was significantly 

suppressed (Figure 4A). The resistance of the best candidate lines (2, 17, 45 and 59) to 

parasite development was evaluated in pot experiments. P. aegyptiaca infestation was 

examined in three separate experiments, which each included 10 biological replicates. To 

evaluate the resistance of the transgenic lines, we considered and counted only fresh and 

viable parasite tubercles. Our results indicate that the number of attached parasite 

tubercles was decreased significantly relative to the non-transgenic plants: 7-fold in line 

59, 5-fold in line 17 and more than 2-fold in line 2 (Figure 4B). The fresh weights of 

parasite tubercles and shoots attached to lines 2, 17 and 59 were also significantly lower 

than those of the parasite tubercles and shoots attached to the control plants (Figure 4C). 

Dry weights of transgenic tomato shoots were significantly higher for lines 2, 17 and 59, 

as compared to the non-transgenic control plants (Figure 4D).  
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Figure 4. mRNA levels of PaACS, PaM6PR and PaPrx1 in P. aegyptiaca tubercles and 
resistance of transgenic and non-transgenic lines to the parasite.(A) Quantification of 
PaACS, PaM6PR and PaPrx1 mRNA levels by qRT-PCR normalized to equal levels of 
actin transcripts in the underground tubercles of P. aegyptiaca including controls and 
transgenic tomato plants. Total RNA was extracted from 0.5 g of three to five pooled P. 
aegyptiaca tubercles grown on five transgenic T1 tomato plants (lines 2, 17, 45 and 59), a 
non-transgenic control plant (NT) and transgenic plants carrying an empty vector (EV). 
Quantitative RT-PCR analysis was performed using primers specific for PaACS, 
PaM6PR and PaPrx1. The data presented are relative values calculated following 
normalization to P. aegyptiaca actin with the 2-ΔΔct program. The data are the means of 
three biological replicates. Bars represent the standard errors of three independent 
measurements. The graphs in panels (B) and (C) show the number and fresh weights of 
P. aegyptiaca tubercles attached to the transgenic and non-transgenic tomato plants in the 
greenhouse pot assay. P. aegyptiaca tubercles were collected from five transgenic T1 
tomato plants (lines 2, 17, 45 and 59), a non-transgenic control plant (NT) and transgenic 
plants carrying an empty vector (EV). Means ± SE were calculated based on 10 
independent plants. For both experiments, * and *** indicate means different from NT 
and EV as determined by Student’s t-test at α = 0.05 and α = 0.001, respectively. (D) Dry 
weights(g) of host plants were obtained as described by Hamamouch et al. (2005). Means 
± SE were calculated based on 10 independent plants. For both experiments, *and *** 
indicate means significantly different from NT and EV as determined by Student’s t-test 
atα = 0.05 and α = 0.001, respectively. (The weight in graph C and D represent individual 
average amount of each line) 
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The resulting plants appeared normal and were fertile (Figure 5A).When grown in soil 

inoculated with P. aegyptiaca, transformed tomato lines 2, 17, 45 and 59 had 

significantly higher biomass accumulation than non-transgenic tomato lines (Figure 5A). 

Additionally, the transformed plants had higher proportions of necrotic and dead 

tubercles (Figure 5B), as compared to the non-transformed plants (Figure 5C). 

Specifically, the mean proportion of necrotic tubercles on non-transformed plants was 

1%; whereas among the transgenic lines 2, 17, 45 and 59, the proportion ranged from 

50% to 90%. 

 

Figure 5. Phenotypes of transgenic tomato plants and P. aegyptiaca tubercles grown in 
pot experiment in the greenhouse. (A) Growth and appearance of a representative 
transgenic tomato plant Tr (line 59) and a representative non-transgenic (non-Tr) plant. 
(B) Roots of transgenic line Tr (line 59) and the parasite tubercles originated from this 
line. (C) Roots of non-transgenic (Non-Tr) and the parasite tubercles originated from this 
line.  
 

In the third year: The gene construct CaMV35S:ACS:M6PR:Prx (from first year) was 

delivered to our colleagues (yoder’s lab)  at UC-Davis for additional transformation in 

another tomato line (T5). To evaluate the resistance of the transgenic lines, we considered 
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and counted only fresh and viable parasite tubercles. Our results indicate that the number 

of attached parasite tubercles was decreased significantly in transgenic plants relative to 

the non-transgenic plants (Figure 6). 

The gene construct HMG2:ACS:M6PR:Prx was introduced into tomato plants via the 

binary vector pBINPLUS for stable transgene expression. To evaluate the resistance of 

the transgenic lines, we considered and counted only fresh and viable parasite tubercles. 

Our results indicate that the number of attached parasite tubercles was decreased 

significantly relative to the non-transgenic plants: We have demonstrated that several 

lines of (F1) transgenic tomato plants harboring the HMG2:ACS:M6PR:Prx construct, 

knocked down the target genes, reduced significantly infestation rate and inhibit tubercle 

development in the parasite P. aegyptiaca in pot system. Tomato plants are currently 

being transformed with constructs containing newly identifying vital genes. The most 

effective promoter at eliciting gene silencing is being identified between FMV34S, RolC, 

and SUC2. These gene constructs will provide a further validation of parasitic weeds 

control and allow important new insights into the host-parasite interaction. We anticipate 

that within the current year we will characterize transgenic tomato plants harboring 

different promoters for parasite resistance in PE and pots (Morphological and anatomical 

characterization of broomrape infection / resistance). 
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Figure 6: transgenic and non-transgenic tomato lines were generated at UC-Davis and F1 
plants were seeded and screened to P. aegyptiaca resistance at Newe Yaar-Israel. The 
number of P. aegyptiaca tubercles attached to the transgenic and non-transgenic tomato 
plants was evaluated in pot assay. The bars ( M-82 and T-5) are non-transgenic plants. 
The other bars represent transgenic lines (means of 8 replicates). 

 

Conclusions 
 
In light of the importance of parasitic weeds to world agriculture and the difficulty of 

obtaining resistance by conventional methods, we assume that genetic resistance based on 

the silencing of key metabolic genes in the parasite is now feasible. We used different 

experimental systems and demonstrated that the TRV-VIGS system can provide a rapid 

screening process for the silencing of potential candidate parasite genes. In addition, the 

results of our work involving a hairpin-silencing strategy showed that short interfering 

RNA molecules expressed in host plants affect gene expression in parasitic plants 

attached to host roots. However, in this context, further research will be required to 

identify more gene sequences critical to the growth of the parasite and to optimize the 

system for siRNA signal transmission from host to parasite for use with other promoter 

sequences. 
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Supplemental data  

Peroxidase (PaPrx1), 232bp 

CCAAGCAATTAAGTTTAGTGAAAAACAACAAATTTTCTGCTTTTTCATCAATATGGAGAACAAAAAATCCATCAACTT

TGTTGCTGTGACGCTAGCAATATTATCACTCATACTCTTCCTGTCCAGCACACCAACTCAAGCACAACTATCTCCCACA

TTCTACTCTCGCACATGTCGTAATGCGCCAACTATAATTCGCAATTCCATCCGCAGAGCAATATCACGTGAGAGG 

Mannose 6-phosphate reductase (PaM6PR), 268bp 

TCCAATGAGGATATGGAACTGTTGAAGACTATGGAGCGGAAATACAGAACTAATCAACCTGCCAAGTTCTGGGGTA

TCGATCTTTTCGCATAAGTTTCTCTCCCATGTTAGGGATTTTCATTCATGTATGATGCAACACAAGGAGAGAGAGAGA

GAGACGGAAAAGGAGTGTGCCATTTTATGGTAAAATAGTGTTTATTATTGCAGTGGGGCAATATTTCATCTACTTAA

GAACTTAACTAAAACTGTATTGTTCTCTTCCAACCTC 

PaACS synthase (ACS), 299bp 

TTGATGACGATCGAGTGGCGCATGGGTGGAACGTCAACCCATTCGCCGTCCTTGAGGAGCTGCAGGCCGCTGACCT

TATCATCCTGGAAGAGAAGTATTATCCCGCCGGCATCGGTGTGGGCCCGAAGGCCCTTGATCAGATCGGGCTTGGG

GCATGGTGGGTATTTGCTCACTTTGGTGCCAAAATTTGGGCCTGTGGTGCCATAGAATACCTTCTTCAGATAACCTTT

CTCAAGCCCAAGATTCTCACATAGTAAATCCAGAAGCTGCTCCGCCAGTTTCTCCAGCTGGCCCGCAAA 

 

Supplementary Figure S1. Sequences of the selected target-genes of interest. Three 

important genes of P. aegyptiaca (PaPrx1, PaM6PR and PaACS) were selected for knock-

down. The sequences of PaPrx1 (AY692263), PaM6PR (Aly et al., 2009) and PaACS 
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(AB219097) of P. aegyptiaca were fished out from NCBI and confirmed with the PPGP 

website (http://ppgp.huck.psu.edu). 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S2. Measurement of peroxidase (PaPrx1) activity in the parasite 

tubercles.The peroxidase activity of 200 mg of the parasite tubercles attached to 

transgenic lines (2, 17, 45 and 59); empty victor (EV) and non-transgenic host roots 

(NT)wasassayed using theAmplex® Red Hydrogen Peroxidase/Peroxidase Assay Kit 

(A22188, Molecular Probes). 

 

 

 

Tomato lines 
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Similarity of sequences selected for peroxidase (PaPrx1) to sequencesfrom the 
http://ppgp.huck.psu.edu database 

Stages of parasitic 
development of Orobanche 
aegiptiaca 

Sequence ID Score (bits) E- Value Identities 

Seed germination         

  OrAe0GB1_34611 321 9.00E-88  208/222 (93%) 

  OrAe0GB1_46289 182 5.00E-46 101/104 (97%) 

  OrAe0GB1_44959 182 5.00E-46 95/96 (98%) 

  OrAe0GB1_55785 172 5.00E-43 87/87 (100%) 

Germinated seed, emerged 
radicle, pre-haustorial growth 

      

  

  OrAe1FB1_2210 460 e-129 232/232 (100%) 

  OrAe1FB1_2542 420 e-117 228/232 (98%) 

  OrAe1FB1_1415 412 e-115 227/232 (97%) 

  OrAe1FB1_2227 410 e-115 224/230 (97%) 

  OrAe1FB1_2777 406 e-113  227/233 (97%) 

  OrAe1FB1_42817 404 e-113 225/232 (96%) 

  OrAe1FB1_2395 383 e-106 218/225 (96%) 

  OrAe1FB1_42543 373 e-103 222/232 (95%) 

  OrAe1FB1_42482 373 e-103 219/228 (96%) 

  OrAe1FB1_2583 365 e-101 221/232 (95%) 

  OrAe1FB1_42622 311 6.00E-85 212/221 (95%) 

  OrAe1FB1_41276 297 1.00E-80 191/202 (94%) 

  OrAe1GB1_115999 178 1.00E-44 90/90 (100%) 

  OrAe1GB1_119348 139 1.00E-32 79/82 (96%) 

  OrAe1GB1_119421 135 2.00E-31 77/80 (96%) 

Seedling after exposure to 
haustorial induction factors 
(HIFs) 

      

  

  OrAe2FB1_31889 452 e-127 231/232 (99%) 
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  OrAe2FB1_1312 420 e-118 228/232 (98%) 

  OrAe2FB1_32324 412 e-115 227/232 (97%) 

  OrAe2FB1_2384 392 e-109 215/218 (98%) 

  OrAe2FB1_2252 369 e-102 220/230 (95%) 

  OrAe2FB1_2389 361 e-100 219/230 (95%) 

  OrAe2FB1_32178 351 7.00E-97 189/193 (97%) 

  OrAe2FB1_2689 325 4.00E-89 217/232 (93%) 

  OrAe2FB1_31810 299 2.00E-81 217/231 (93%) 

  OrAe2FB1_2537 299 2.00E-81 187/199 (93%) 

  OrAe2FB1_31106 202 4.00E-52 105/106 (99%) 

  OrAe2GB1_2511 100 3.00E-21 50/50 (100%) 

  OrAe2GB1_22339 84 2.00E-16 42/42 (100%) 

Haustoria attached to host 
roots, penetration stages, pre-
vascular connection (~48 h) 

      

  

  OrAe3GB1_86882 133 6.00E-31 70/71 (98%) 

  OrAe3GB1_48640 82 2.00E-15 44/45 (97%) 

Early established parasite, 
parasite vegetative growth 
after vascular connection (~72 
h) 

      

  

  OrAe41G2B1_76581 280 5.00E-75 175/185 (94%) 

  OrAe41G2B1_64562 172 8.00E-43 90/91 (98%) 

  OrAe41G2B1_56271 147 5.00E-35 77/78 (98%) 

Pre-emergence from soil/roots         

  OrAe52FB1_854 444 e-125 230/232 (99%) 

  OrAe52FB1_23394 400 e-112 224/230 (97%) 

  OrAe52FB1_23443 371 e-103 203/207 (98%) 

  OrAe52FB1_2618 226 1.00E-59 114/114(100%) 
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Supplementary Table S1. Results of a nucleotide blast of the selected PaPrx1 region with 

the transcriptomic data of P. aegyptiaca ESTs from the Parasitic Plant Genome Project 

(http://ppgp.huck.psu.edu/) at different developmental stages. In the sequence ID codes: 

Or indicates Orobanche plants; Ae indicates aegyptiaca; 0 indicates RNA from the stage of 

seed germination;1indicates RNA from germinated seed,the emerged radicle and pre-

haustorial growth;2indicates RNA from seedlings after exposure to haustorial induction 

factors (HIFs); 3indicates RNA from the stage of haustoria attaching to host roots, penetration 

stages and pre-vascular connection (~48 h);41indicatesRNA from the stage of the early 

established parasite and the parasite’s vegetative growth after the establishment of a vascular 

connection (~72 h), 52indicates RNA from the stage of pre-emergence from 

soil/roots;Findicates Roche 454 FLX [average. 200–250 bp reads] -derived 

sequences;GindicatesIllumina GA2x, 81x81 bp paired-end sequences or sequences derived 

using similar methods;B1indicatesfirst-built data. 
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used two strategies to express dsRNA containing selected sequences of three Phelipanche aegyptiaca genes PaACS, PaM6PR and
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ABSTRACT 27 

Gene-silencing is a powerful technology for RNA degradation in plants and post transcriptional gene-28 

silencing [PTGS] can also be used in parasitic pathogens of plants. Broomrapes 29 

(Orobanche/Phelipanche spp.) are holo parasitic plants that subsist on the roots of a variety of 30 

agricultural crops and cause severe negative effects on the yield and yield quality of those crops. 31 

Effective methods for controlling parasitic weeds are scarce, with only a few known cases of 32 

genetic resistance. In the current study, we suggest an improved strategy for the control of 33 

parasitic weeds based on trans-specific gene-silencing of three parasite genes at once. We used 34 

two strategies to express dsRNA containing selected sequences of three Phelipanche aegyptiaca 35 

genes PaACS, PaM6PR and PaPrx1 (pma): transient expression using Tobacco rattle virus 36 

(TRV:pma) as a virus-induced gene-silencing (VIGS) vector and stable expression in transgenic tomato 37 

Solanum lycopersicum (Mill.) plants harboring a hairpin construct (pBINPLUS35:pma). siRNA-38 

mediated transgene-silencing (20–24 nt) was detected in the host plants. Our results demonstrate that 39 

the quantities of PaACS and PaM6PR transcripts from P. aegyptiaca tubercles grown on transgenic 40 

tomato or on Tobacco rattle virus-infected Nicotiana benthamiana plants were significantly reduced. 41 

However, only partial reductions in the quantity of PaPrx1 transcripts were observed in the parasite 42 

tubercles grown on tomato and on N. benthamiana plants. Concomitant with the suppression of the 43 

target genes, there were significant decreases in the number and weight of the parasite tubercles that 44 

grew on the host plants, in both the transient and the stable experimental systems. The results of the 45 

work carried out using both strategies point to the movement of mobile exogenous siRNA from the 46 

host to the parasite, leading to the impaired expression of essential parasite target genes. 47 

 48 

Keywords: Phelipanche, root parasite, Si-RNA, VIGS, expression, trans-silencing.  49 
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INTRODUCTION 50 

Parasitic weeds such as broomrapes do not possess functional roots and do not have effective 51 

photosynthesis ( Parker and Riches, 1993). Instead, they develop special intrusive organs 52 

(haustoria) that penetrate crop roots, directly connecting them to the vascular system of the crop 53 

plants that serve as their hosts (Joel and Losner-Goshen, 1994; Westwood, 2000; Yoder, 1999). 54 

The haustorium is the organ that distinguishes parasitic from non-parasitic plants (Kuijt, 1969). 55 

This organ forms the physical and physiological connection between parasite and host, and its 56 

interaction with host tissues is important for the translocation of molecules and macromolecules 57 

(Aly, 2013). By acting as a strong sink relative to the host, broomrapes channel the flow of 58 

water, nutrients and other molecules from the host to themselves, thereby damaging crop 59 

development and greatly reducing yields (Joel, 2000). Broomrapes have evolved sophisticated 60 

systems for detecting the presence of host plants and coordinating their development with that of 61 

their hosts (Bouwmeester et al., 2003; Joel and Losner-Goshen, 1994; Yoder, 1999). Following 62 

successful attachment to a host, broomrape tissues adjacent to the host root grow into a bulbous 63 

structure called a tubercle (Kuijt, 1977). After approximately four weeks of growth, a floral 64 

meristem is produced, which emerges above ground to flower and disseminate seeds. Effective 65 

means for the control of broomrapes are few (Aly, 2007).  66 

The best long-term strategy for controlling parasitic weeds may be through the 67 

identification and breeding of resistant crop genotypes (Cubero & Hernández, 1991; Ejeta et al., 68 

1991). However, despite many years of work by plant breeders, resistant cultivars of only a 69 

handful of crops are currently available.  70 

Plants have evolved a variety of gene-silencing pathways mediated by small RNA 71 

sequences (siRNA), which are 21 or 24 nt in size. siRNA suppresses the expression of sequence-72 
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homologous genes at the transcriptional, post-transcriptional and translational levels 73 

(Baulcombe, 2004). The production of hairpin RNA (hpRNA) in transgenic plants is a powerful 74 

tool for suppressing gene expression in plants (Bandaranayake and Yoder, 2013; Mansoor et al., 75 

2006; Wesley et al., 2001) through a process known as post-transcriptional gene-silencing 76 

(PTGS).  77 

Gene-silencing in transgenic plants has been shown to effectively control nematodes 78 

(Atkinson et al., 2003; Huang et al., 2006) and viruses (Leibman et al., 2015; Prins et al., 2008), 79 

and evidence is available to suggest a natural antiviral role for RNA silencing in vertebrates, 80 

fungi, worms and flies (Denli and Hannon, 2003; Fire et al., 1998). RNAi strategies have also 81 

been tried for the control of parasitic plants such as Triphysaria pusilla (Benth.) T.I. Chuang 82 

&Heckard (Tomilov et al., 2008), Striga hermonthica (Delile) Benth.(Ejeta and Gressel, 2007), 83 

Phelipanche aegyptiaca (Pers.) Pomel (Aly et al., 2009) and Cuscuta pentagona Engelm 84 

(Alakonya et al., 2012). 85 

Virus-induced gene-silencing (VIGS) is an RNA silencing-based technique used for the 86 

targeted down-regulation of a host gene, to allow the analysis of the function of that gene (Lu et 87 

al., 2003). It has also been used to silence a wide variety of genes in plants (Robertson, 2004). 88 

VIGS-derived dsRNA can be transferred from a host plant to herbivores (Kumar et al., 2012) 89 

and parasitic plants and suppress the expression of target genes (Aly et al., 2014). Using the 90 

VIGS technique, we have shown that transient knock-down of Phelipanche aegyptiaca CCD7 91 

and CCD8 inhibits the development of parasite tubercles and the infestation process in tomato 92 

host plants (Aly et al., 2014).  93 

The specific genes selected for silencing are genes that play critical roles in the life cycle 94 

of the parasite: 1-amino-cyclopropane-1-carboxylate synthase (PaACS synthase; accession no. 95 
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AB219097) is a key regulatory enzyme in the ethylene biosynthetic pathway, which delays the 96 

flowering of the parasite growing on transgenic plants exhibiting silencing (Trusov and Botella, 97 

2006). Mannose 6-phosphate reductase (PaM6PR; Aly et al., 2009) regulates mannitol content in 98 

P.aegyptiaca; mannitol is essential for the movement of water and nutrients from the host to the 99 

parasite (Delavault et al., 2002; Everard et al., 1997). Peroxidase (PaPrx1; accession no. 100 

AY692263) plays an important role in mediating the parasite’s responses and signals during the 101 

early stages of infection (Keyes et al., 2001). It may also play a role in the infection process or in 102 

the development of the parasite, or even loosen the host cell wall (Foreman et al., 2003; Liszkay 103 

et al., 2004), thereby facilitating penetration. 104 

We used two silencing strategies to degrade the RNA of three important P.aegyptiaca 105 

genes and demonstrated that levels of endogenous PaACS synthase and PaM6PR transcripts 106 

from P. aegyptiaca tubercles grown on transgenic or TRV-mediated VIGS-infected Nicotiana 107 

benthamiana plants were significantly reduced and significantly inhibited the development of the 108 

parasite. 109 

 110 

MATERIALS AND METHODS 111 

Selection of the candidate genes, vector construction and generation of transgenic plants 112 

Three P. aegyptiaca genes, PaPrx1, PaM6PR, and PaACS, were selected to be knocked down. 113 

The sequences of PaPrx1 (AY692263), PaM6PR (Aly et al., 2009) and PaACS (AB219097) of 114 

P. aegyptiaca were fished out from NCBI and confirmed with the PPGP website 115 

(http://ppgp.huck.psu.edu). The unique and non-homologous sequences of respective candidate 116 

genes were selected as described by Aly et al. (2009). RNA was isolated from P. aegyptiaca 117 

tubercles (SpectrumTM Plant Total RNA Kit, STRN50, Sigma) and then used to prepare cDNA 118 
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(Verso cDNA kit, AB-1453/A, Thermo) for the further amplification of selected sequences. The 119 

selected region of PaPrx1 cDNA was amplified using the forward primer 5’-120 

CGAGCTCCCAAGCAATTAAGTTTAGTG-3’ and the reverse primer 5’-121 

GGGGTACCCCTCTCACGTGATATTGC-3’, flanking the SacI and KpnI sites, respectively, 122 

and cloned into pUC19. The selected region of the PaM6PR gene was amplified using the 123 

forward primer 5’-GGGGTACCTCCAATGAGGATATGGAACTG-3’ and the reverse primer 124 

5’-GCGTCGACGAGGTTGGAAGAGAACAATAC-3’, flanking the KpnI and SalI sites, 125 

respectively, and fused to the PaPrx1 gene in the recombinant pUC19. The selected fragment of 126 

PaACS was amplified using the forward primer 5’-127 

GCGTCGACTTGATGACGATCGAGTGGCG-3’ and the reverse primer 5’-128 

CCCAAGCTTATTTGCGGGCCAGCTGGAG-3’, flanking SalI and HindIII, respectively, and 129 

cloned in recombinant pUC19 containing both parts of the PaPrx1 and PaM6PR genes. The 130 

recombinant clones containing the three fused genes were confirmed with restriction analysis and 131 

nucleotide sequencing. For the VIGS assay, the pma sequences (including the three segments of 132 

the parasite genes) were amplified using the forward primer 5’-133 

GCGGCCGCTCTAGACCAAGCAATTAAGTTTAGTG-3’ and the reverse primer 5’-134 

CCGCTCGAGGGATCCATTTGCGGGCCAGCTGG-3’, and then cloned into the pTRV2 135 

vector at the XbaI and BamHI sites.  136 

The above three fragment genes were also cloned in a hairpin configuration in a binary 137 

vector pBINPLUS under the control of the CaMV35S promoter, as described by Leibman et al. 138 

(2015). The transgenic tomato plants were generated using kanamycin as a selection marker 139 

(Barg et al., 1997; Leibman et al., 2015). T1 seeds were collected and sterilized with 70% 140 

ethanol for 1 min and 1% sodium hypochloride and 0.01 % Tween for 15–20 min, and then 141 
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rinsed three times with sterilized distilled water. Ten seeds from each of the tomato T1 lines 142 

were grown on media (20 g sucrose, 4.4 g MS, pH 5.8, with 6 g phytagel) containing 100 µg/ml 143 

kanamycin. The Petridishes containing the seeds were kept in a dark growth chamber for three 144 

days. After that period, the transgenic seedlings were transplanted into pots in a greenhouse.  145 

 146 

RNA isolation, RT-PCR and qRT-PCR analysis  147 

Total RNA was extracted from 5–10 mm P. aegyptiaca tubercles grown on silenced and non-148 

silenced N.benthamiana plants, and tubercles attached to transgenic tomato and control tomato 149 

plants. First-strand cDNA was synthesized using 1 μg of total RNA extracted from P.aegyptiaca 150 

tubercles. The quantitative reaction was performed using an ABI-Prism 7000 Real-Time PCR 151 

Detection System (Applied Biosystems) and SYBR Green Master Mix (Thermo-AB4162) 152 

according to the manufacturer’s protocol. For real-time experiments, we used the following 153 

primers: for the PaACS gene, forward 5’-GGGCATGGTGGGTATTTGC-3’ and reverse 5’-154 

TACTATGTGAGAATCTTGGGCTTGA 3’; for PaM6PR: forward 5’-155 

CCAATGAGGATATGGAACTGTTGA-3’ and reverse 5’-156 

CATGGGAGAGAAACTTATGCGAAAA-3’; and for PaPrx1: forward 5’ 157 

ATCCATCAACTTTGTTGCTGTGA-3’ and reverse 5’-158 

ACGACATGTGCGAGAGTAGAATG-3’. Expression of the candidate target genes was 159 

normalized to the expression of the Actin gene using the forward primer 5'-160 

ATGGGCCAGAAAGATGCATATGTT-3' and the reverse primer 5'-161 

GTGTGATGCCAAATTTTCTCCATGT-3'. Relative gene expression was calculated using the 162 

2-ΔΔCt method (Livak and Schmittgen, 2001). The qRT-PCR reaction conditions were as follows: 163 

15 min activation at 95°C, followed by 40 cycles of 95°C for 10 sec, 60°C for 15 sec and 70°C 164 
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for 20 sec. The qRT-PCR experiment was performed in biological and experimental duplicates 165 

using PCR Master Mix (cat.42-138; ApexTM). 166 

 167 

siRNA analysis in transgenic roots and in VIGS-assayed plants 168 

Total RNA was isolated from roots of transgenic tomato plants using an EZ-RNA II kit (Total 169 

RNA Isolation Kit, 20-410-100, Biological Industries). The siRNA blotting was performed 170 

according to a standard protocol (Aly et al., 2009). 171 

 172 

VIGS assay 173 

TRV-VIGS experiments were performed with N. benthamiana seedlings that had three to four 174 

leaves. Agro-infiltration of tobacco leaves were performed as described by Bachan and Dinesh-175 

Kumar (2012). In brief, the following plasmids: TRV-RNA1 (TRV), TRV-RNA2 176 

(pTRV2:PaPrx1-PaM6PR-PaACS, abbreviated TRV:pma) and empty TRV were transformed 177 

with Agrobacterium strain EHA105 using standard protocols. Single colonies were inoculated 178 

for primary broth culture (5 ml), followed by secondary broth culture (50 ml) in the presence of 179 

suitable antibiotics. The colonies were then grown overnight at 28°C. The next day, 50 ml of cell 180 

culture was pelleted by centrifugation at 3000 rpm for 15 min. The recovered pellet was 181 

dissolved in infiltration medium (10 mM MES; 10 mM MgCl2; 250 μ M acetosyringone in 182 

double-deionized water) adjusted to an O.D. of 1.0 (600 nm), and then incubated at room 183 

temperature for 3 h. Agrobacterium was introduced into the lower surface of the tobacco leaf 184 

with a 2.0 ml syringe needle. Just before infiltration, a culture of TRV and TRV:pma in a1:1 185 

ratio was prepared. RNA was isolated from TRV- and TRV:pma-infected leaves and roots 10 186 

days after infiltration and then subjected to RT-PCR analysis. The expression analyses of TRV 187 
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and TRV:pma were performed using the following primers: pTRV1 forward: 5’-188 

CCTTTGAACGCGGTAGAACG-3’, pTRV1 reverse: 5’-TGCAGAGCAGGAACTCTATC-3’ 189 

and pTRV2 forward: 5’-TTACGGACGAGTGGACTTAG-3’ and pTRV2 reverse: 5’-190 

CTATGGTAAGACAATGAGTCG-3’. 191 

 192 

Evaluation of plant resistance to the parasite 193 

P. aegyptiaca seeds were collected from an infested tomato field in the Bet She’an Valley in 194 

eastern Israel. N. benthamiana plants were used as hosts for TRV infestation. Host plants were 195 

transplanted into 2.0-L pots filled with soil (light-medium clay with 63% sand, 12% silt and 22% 196 

clay) and grown in a greenhouse under natural light with an average 14 h of daylight and a 197 

temperature of 20 ± 6°C. The plants were watered and fertilized as needed. N. benthamiana 198 

seedlings were transplanted into pots containing soil infested with P.aegyptiaca seeds (20 ppm), 199 

7–10 days before agro-infiltration. Host roots from TRV-VIGS and control plants were rinsed 200 

25–30 days after they were first exposed to the P.aegyptiaca seeds. P.aegyptiaca tubercles larger 201 

than 2 mm were counted and weighed and their RNA was then isolated. 202 

The host resistance of transgenic tomato lines (T1) was evaluated by challenging the host 203 

plants with the parasite seeds in 2.0-L pots. The roots were washed after the parasite 204 

inflorescences emerged above the ground. P.aegyptiaca tubercles larger than 2 mm were counted 205 

and weighed, and RNA was then isolated from those tubercles for the analysis of target gene 206 

expression. Host and parasite morphology and biomass were measured as described by Aly et 207 

al.(2009).  208 

 209 

Peroxidase assay 210 
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Peroxidase activity was evaluated using the Amplex® Red Hydrogen Peroxidase/Peroxidase 211 

Assay Kit (A22188, Molecular Probes). Briefly, 200 mg of the parasite tubercles attached to 212 

transgenic and non-transgenic host roots were collected and frozen in liquid nitrogen, and then 213 

homogenized in 1.2 ml of 0.2 M potassium phosphate buffer (pH 7.8). Samples were centrifuged 214 

at 15000 rpm for 20 min. at 4°C. The supernatants were stored and the pellet was re-suspended 215 

again in 0.8 ml of the same buffer followed by centrifugation. Both supernatants were combined 216 

and stored on ice, and used to determine peroxidase activity.  217 

RESULTS 218 

 219 

P. aegyptiaca target gene sequences  220 

Based on the database of P. aegyptiaca ESTs from the Parasitic Plant Genome Project 221 

(http://ppgp.huck.psu.edu/;Westwood et al., 2011), PubMed-NCBI data sequences and an older 222 

database of P. aegyptiaca sequences (Aly et al., 2009), we identified and confirmed suitable 223 

DNA sequences (Supplementary Figure S1) from non-homologous regions of the three target 224 

genes that differ between P. aegyptiaca, tomato and N. bentamiana, to avoid silencing any host 225 

genes. 226 

Silencing of P. aegyptiaca target genes via TRV vectors 227 

The selected target regions of PaM6PR (268bp), PaACS (299bp) and PaPrx1 (232bp) from P. 228 

aegyptiaca (Supplementary Figure S1) were cloned in a transient expression system (TRV) 229 

vector (Figure 1A), as described by Liu et al.(2002). N.benthamiana plants were agro-infiltrated 230 

with the recombinant pTRV2:pma (Figure 1A) and pTRV was performed according to the 231 

method described by Bachan and Dinesh-Kumar (2012). Accumulation of TRV and TRV:pma in 232 
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roots and leaves of N.benthamiana plants was confirmed by RT-PCR (Figure 1B). The expression 233 

levels of the target gene mRNA in P. aegyptiaca grown on assayed N. benthamiana plants were 234 

evaluated using quantitative RT-PCR. This analysis showed that the transcript amounts of 235 

PaACS and PaM6PR were significantly reduced in the parasite tubercles growing on N. 236 

benthamiana plants infected with recombinant TRV as compared to N.benthamiana plants infected 237 

with TRV (Figure 1C). No significant suppression of the production of PaPrx1 transcripts was 238 

observed in the parasite tubercles grown on N. benthamiana plants infected with recombinant 239 

TRV (Figure 1C). 240 

 241 

Retardation of P. aegyptiaca development onN.benthamiana plants infected with TRV:pma 242 

N. benthamiana plants were assayed for resistance to P. aegyptiaca in pots in which putative 243 

plants were pre-challenged with the parasite seeds 10 days before agro-infiltration in the 244 

greenhouse (Aly et al., 2014). Parasite infection rates and the number and total weights of P. 245 

aegyptiaca tubercles larger than 2 mm were determined on TRV:pma and TRV control plants 246 

two weeks after agro-infiltration. TRV:pma-treated plants expressing the target sequences of 247 

PaACS, PaM6PR and PaPrx1had significantly fewer parasite tubercles and the weight of those 248 

tubercles was also more than 50% lower among these plants, as compared to the control plants 249 

(Figure 2A, B). Growth of the parasite shoots also ceased (Figure 2C). Our data indicate that 250 

mobile siRNA moved from the host plant to the parasite tubercles and differentially affected the 251 

silencing of the target genes. 252 

Since the efficacy of the trans-silencing of the target sequences in P. aegyptiaca was 253 

confirmed for at least two genes (ACS and M6PR) through the use of the transient VIGS strategy, 254 
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we conducted experiments for stable transformation into tomato Solanum lycopersicum L.‘MP-255 

1’plants, to determine efficacy of this trans-silencing strategy in stable transgenic lines. 256 

Characterization of stable transgenic tomato lines and their resistance to the parasite 257 

The binary pBINPLUS35:pma construct (Figure 3A) harboring fragments of PaPrx1, PaM6PR and 258 

PaACS in a hairpin configuration was transformed into tomato Solanum lycopersicum ‘MP-1’as 259 

described by Leibman et al. (2015). Several independent lines of transgenic tomato containing 260 

pBINPLUS:pma were developed through Agrobacterium-mediated transformation. Twenty-six 261 

independent transgenic tomato lines were generated and five lines (2, 17, 35, 45 and 59) were selected 262 

for use in further experiments. PCR was used to confirm the presence of the transgene in the selected 263 

T1 transgenic lines (Figure 3B). A segregation ratio of close to 3:1 was noted for kanamycin resistance 264 

(data not shown), which may indicate the presence of a single locus in those transgenic lines. 265 

Expression levels of the transgene transcripts were analyzed by RT-PCR of the T1 progeny of 266 

transgenic lines 2, 17, 35, 45 and 59, using target gene-specific primers (Figure 3C). 267 

The transgene transcripts were detected only in the transgenic lines using specific primers 268 

(Figure 3C). Interestingly, the level of transgene transcript varied between the different target 269 

genes:Prx1≥M6PR ≥ACS. This could be due to the orientation and position of the fragment in the 270 

inverted repeat construct, as was demonstrated by Wroblewski et al. (2014). 271 

To verify the transgene dsRNA processing by DICERs, we used northern blotting to analyze 272 

the accumulation of transgene siRNA in the roots of transgenic and non-transgenic lines. The 273 

accumulation of transgene siRNA was detected and confirmed in several lines, including lines 2, 17 274 

and 59 (Figure 3D). The horticultural traits of the transgenic T1 tomato lines appeared normal and the 275 

plants were fertile under greenhouse conditions. No phenotypic differences were observed between 276 
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these plants and the corresponding non-transformed MP-1 plants during the vegetative (Figure 3E) or 277 

reproductive growth stages (data not shown).  278 

To determine whether transgene siRNA produced in the host would move into P. aegyptiaca 279 

and affect the accumulation of the parasite mRNA targets, we examined the expression levels of the 280 

target gene (PaPrx1, PaM6PR and PaACS) mRNA in viable P. aegyptiaca tubercles. Our quantitative 281 

RT-PCR analysis showed that the level of endogenous target mRNA in the parasite tubercles was 282 

reduced relative to the levels in P. aegyptiaca tubercles grown on transgenic T1 tomato plants 283 

containing an empty vector (EV) or non-transgenic tomato plants (NT; Figure 4A). 284 

Levels of PaACS, PaM6PR and PaPrx1 mRNA in P. aegyptiaca tubercles attached to plants of 285 

line 59 were significantly suppressed (more than 6-, 12- and 3-fold, respectively; Figure 4A). 286 

Significant mRNA suppression of PaM6PR and PaPrx1 was observed among plants of line 17 and, 287 

among the plants of line 2, only PaM6PR mRNA was significantly suppressed (Figure 4A). 288 

The resistance of the best candidate lines (2, 17, 45 and 59) to parasite development was 289 

evaluated in pot experiments. P. aegyptiaca infestation was examined in three separate 290 

experiments, which each included 10 biological replicates. To evaluate the resistance of the 291 

transgenic lines, we considered and counted only fresh and viable parasite tubercles. Our results 292 

indicate that the number of attached parasite tubercles was decreased significantly relative to the 293 

non-transgenic plants: 7-fold in line 59, 5-fold in line 17 and more than 2-fold in line 2 (Figure 294 

4B). The fresh weights of parasite tubercles and shoots attached to lines 2, 17 and 59 were also 295 

significantly lower than those of the parasite tubercles and shoots attached to the control plants 296 

(Figure 4C). Dry weights of transgenic tomato shoots were significantly higher for lines 2, 17 297 

and 59, as compared to the non-transgenic control plants (Figure 4D).  298 
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The resulting plants appeared normal and were fertile (Figure 5A).When grown in soil 299 

inoculated with P. aegyptiaca, transformed tomato lines 2, 17, 45 and 59 had significantly higher 300 

biomass accumulation than non-transgenic tomato lines (Figure 5A). Additionally, the 301 

transformed plants had higher proportions of necrotic and dead tubercles (Figure 5B), as 302 

compared to the non-transformed plants (Figure 5C). Specifically, the mean proportion of 303 

necrotic tubercles on non-transformed plants was 1%; whereas among the transgenic lines 2, 17, 304 

45 and 59, the proportion ranged from 50% to 90%. 305 

DISCUSSION 306 

As described previously (Aly, 2007; Joel et al., 2007, 2013), parasitic weeds are difficult to 307 

control by conventional means due to their life style; they live in close association with the host 308 

roots and are concealed underground and out of sight until they have already inflicted 309 

irreversible damage. In this study, our hypothesis was based on our previous results showing 310 

partial silencing of a single gene (M6PR) in P. aegyptiaca (Aly et al., 2009). In order to increase 311 

the robustness of this resistance, we pyramided multiple hairpin sequences into single vector. We 312 

assumed that resistance to P. aegyptiaca in tomato would be improved by expressing dsRNA of 313 

multiple gene sequences involved with essential regulatory pathways in the parasite. We selected 314 

three genes that are important for the parasite’s metabolism (PaACS, PaM6PR and PaPrx1) for 315 

silencing. Suitable DNA fragments (Supplementary Figure S1) from non-homologous regions of 316 

the target genes that differ between P. aegyptiaca and tomato (to prevent silencing of 317 

endogenous genes in the host) were used.  318 

To evaluate host resistance to parasitism by P. aegyptiaca, we used two different 319 

strategies to knock out three parasite target genes: VIGS and hairpin silencing. We used a 320 

transient transformation system (TRV-VIGS; Figure 1A) to accelerate the prediction of the 321 
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function of target genes in the parasite. Using a VIGS system, we were able to knock down two 322 

candidate genes, PaACS and PaM6PR (Figure 1C), but not PaPrx1 (Figure 1C) in parasite 323 

tubercles attached to the host. However, in a stable transgenic system (hairpin-silencing 324 

strategy), significant suppression of PaPrx1 transcripts was observed in the parasite tubercles 325 

attached to the roots of transgenic tomato plants of lines 17 and 59 (Figure 4A). The lack of 326 

PaPrx1 transcript suppression in the transient transformation system can be explained by the 327 

shortness of the period during which the parasite tubercles were exposed to the PaPrx1-siRNA 328 

expressed by the infected host. 329 

It is also possible that the targeted PaPrx1genes being are redundant, with other members 330 

of their gene family compensating for the silenced genes. To confirm this assumption, we 331 

performed a nucleotide blast of the selected PaPrx1 region with the transcriptomic data of P. 332 

aegyptiaca ESTs from the Parasitic Plant Genome Project (http://ppgp.huck.psu.edu/) at different 333 

developmental stages. The results of that work showed that during the early stages of host infection by 334 

the parasite, several members of PaPrx1are in fact expressed (Supplementary Table S1).  335 

We also measured peroxidase activity in tubercles attached to the roots of selected transgenic 336 

plants and found no significant suppression of peroxidase activity in either the VIGS system or the 337 

hairpin-silencing system (Supplementary Figure S2), with the exception of line 45, in which peroxidase 338 

activity was not correlated with the transcript level (Figure 4A).The observed peroxidase activity 339 

probably reflects the activity of multiple peroxidases rather than the targeted sequence of PaPrx1. 340 

Nevertheless, low-level suppression of the PaPrx1 target gene did not affect the number or weight of 341 

the parasite tubercles that developed on the assayed plants treated with the silencing construct 342 

(TRV:pma sequences). The number and weight of the tubercles on these host plants were significantly 343 

lower than those observed for the control treatment (TRV). This might be due to more effective 344 
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silencing of the other target genes (PaACS and PaM6PR; Figure 2A and B). Additionally, the parasite 345 

tubercles that developed on the VIGS- assayed plants were small and necrotic and developed 346 

abnormally (Figure 2C). Accumulation of M6PR siRNA in transgenic tomatoes was shown to correlate 347 

with decreased levels of M6PR mRNA (Aly et al., 2009). A similar correlation was previously 348 

observed between the accumulation of siRNA in transgenic plants and the virus resistance of those 349 

plants (Bucher et al., 2006). 350 

We assume that a silencing signal (i.e., mobile siRNA) travelled a long distance from host to 351 

parasite through haustoria and targeted the tubercles of the parasite genes. Such long-distance 352 

movement of mobile siRNA has also been observed between host plant tissue and the parasites 353 

Triphysaria (Tomilov et al., 2008) and Phelipanche (Aly et al., 2009). Although the TRV-VIGS 354 

strategy is based on transient expression and does not rely on transformation, it offers a 355 

tremendous advantage for gene-function analyses and the promising target genes identified using 356 

this method can be used for the stable transformation of stable lines. Therefore, for stably 357 

transformed tomato plants, constructs containing the selected sequences (PaACS, PaM6PR and 358 

PaPrx1) from P. aegyptiaca were cloned into the pBINPLUS plasmid in hairpin configuration, 359 

as illustrated in Figure 3A) and introduced into tomato [S. lycopersicum (Mill.)] plants. The 360 

presence of the transgenes in transgenic plants was verified by PCR and RT-PCR (Figure 3B, C). 361 

The accumulation of a large amount of siRNA in the transgenic host plants (2, 17 and 59; Figure 3D) 362 

could explain the significant reductions in the mRNA levels of the parasite tubercles grown on those 363 

transgenic plants. Other transgenic lines (data not shown) had lower amounts of siRNA, reflecting 364 

lower levels of mRNA targeting of the parasite. 365 

A previous study (Dunoyer et al., 2005) suggested that the efficiency of silencing is related to 366 

the amount of siRNA in the plant tissue. The specific selected sequences of the target genes are also 367 
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likely to play a significant role in the silencing strategy. It is also possible that the efficiency of the 368 

haustorial connection varied between the different host lines. Similar silencing variability was shown 369 

for GUS activity in GUS-expressing Triphysaria that was grown on transgenic lettuce expressing GUS 370 

siRNA (Tomilov et al., 2008). In our study, the transgenic plants expressing the selected parasite 371 

genes were similar in appearance to non-transformed plants (Figure 3E), suggesting that the parasite 372 

target genes are not detrimental to the host. 373 

 Our results demonstrate that the silencing efficacy of the target endogenous (PaACS, PaM6PR 374 

and PaPrx1) mRNA from P. aegyptiaca tubercles grown on transgenic lines (2, 17, 45 and 59) yielded 375 

amounts of transcripts different from those seen among the non-transformed (NT) and empty victor 376 

(EV) control plants (Figure 4A). For example, the quantity of PaACS transcript was significantly 377 

reduced in only in one line (line 59), the quantity of PaM6PR transcript was significantly reduced in 378 

three lines (2, 17 and 59), and the quantity of PaPrx1 transcript was significantly reduced in two lines 379 

(17 and 59; Figure 4A).  380 

 Differences in the transcript levels or efficiency of mRNA silencing among the different 381 

transgenic lines could be related to the amount of siRNA in the host plant tissue or possibly to the 382 

efficiency of the haustorial connection to the host lines. This assumption was confirmed in our previous 383 

study (Aly et al., 2009). Recently, the up-regulated expression of SHOOT MERISTEMLESS-like 384 

(STM) home box transcription factors was demonstrated during haustoria formation in Cuscuta 385 

(Alakonya et al., 2012). That study of transgenic tobacco expressing siRNA of STM specific to 386 

Cuscuta reported the reduced efficacy of dodder infection on transgenic tobacco plants and 387 

defects in haustorial connection, development, and establishment on the host (Alakonya et al., 388 

2012). 389 

 In the current study, the transgenic lines (2, 17, and 59) had significantly fewer tubercles on 390 
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their roots and the weight of those tubercles was also significantly reduced, as compared the control 391 

plants (Figure 4B and C). The transgenic plants (2, 17, 45 and 59) accumulated more biomass than both 392 

the non-transformed plants and the plants transformed with an empty victor in the presence of the 393 

parasite (Figure 4D). Furthermore, plants expressing the parasite target genes showed enhanced 394 

resistance to P. aegyptiaca as evidenced by abnormal parasite development and higher parasite 395 

mortality after attachment, as compared to non-transformed plants (Figure 5A, B, C). These results 396 

indicate that the resistance induced in lines 2, 17 and 59 through the use of hairpin silencing was 397 

considerable. 398 

In light of the importance of parasitic weeds to world agriculture and the difficulty of obtaining 399 

resistance by conventional methods, we assume that genetic resistance based on the silencing of key 400 

metabolic genes in the parasite is now feasible. We used different experimental systems and 401 

demonstrated that the TRV-VIGS system can provide a rapid screening process for the silencing of 402 

potential candidate parasite genes. In addition, the results of our work involving a hairpin-silencing 403 

strategy showed that short interfering RNA molecules expressed in host plants affect gene 404 

expression in parasitic plants attached to host roots. However, in this context, further research 405 

will be required to identify more gene sequences critical to the growth of the parasite and to 406 

optimize the system for siRNA signal transmission from host to parasite for use with other 407 

promoter sequences. 408 

 409 

 410 
 411 
 412 
 413 
 414 
 415 
 416 
 417 
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tubercles. 585 

Supplementary Table S1. Results of the nucleotide blast of the selected PaPrx1 region with the 586 

transcriptomic data of P. aegyptiaca ESTs from the Parasitic Plant Genome Project 587 

(http://ppgp.huck.psu.edu/) at different developmental stages. 588 
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FIGURE LEGENDS  590 

 591 

Figure 1. Suppression of PaACS, PaM6PR and PaPrx1 mRNA in P. aegyptiaca via TRV-VIGS 592 

assayed in N. benthamiana plants. (A) Schematic representation of the construct cloned in the 593 

pTRV2 vector according to Liu et al. (2002). (B) Systemic infection of recombinant TRV:pma 594 

and the TRV control in leaves and roots of N.benthamiana plants. RT-PCR was used to assess 595 

the accumulation of TRV RNA1 and 2. The actin gene served as a control. (C) Quantification of 596 

PaACS, PaM6PR and PaPrx1 mRNA by qRT-PCR analysis was normalized to actin transcript 597 

levels in P. aegyptiaca tubercles attached to N. benthamiana plants that were infected with TRV 598 

and TRV:pma. All analyses were performed using three biological replicates. TRV-infected 599 

plants were calibrated to the value 1. 600 

 601 

Figure 2. Retardation of P. aegyptiaca development on VIGS-assayed N. benthamiana plants. 602 

The resistance of N. benthamiana plants to P. aegyptiacawas assayed by transplanting N. 603 

benthamiana seedlings into pots containing soil infested with P. aegyptiaca seeds (20 ppm) 7–10 604 

days before agro-infiltration. To evaluate host resistance to the parasite, host roots of rec-TRV- 605 

and TRV-treated plants were rinsed 25–30 days after they were challenged with P. aegyptiaca 606 

seeds. Tubercles larger than 2 mm (Diameter) were considered for analysis. The number of 607 

parasitic tubercles (A), average weight of tubercles (B) and representative tubercle growth of the 608 

parasitic plants attached to rec-TRV- and TRV-treated plants (C) were analyzed. Bars represent 609 

means of 10 replicates and vertical lines indicate SE values.Asterisks (*) indicate means different 610 

from that of the control and significant differences between empty vector-infiltrated plants and 611 

vector-containing target genes in the VIGS trials, as determined by Student’s t-test,α = 0.05.  612 
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 613 

Figure 3. Integration and expression of the PaACS, PaM6PR and PaPrx1 fragments in T1 614 

transgenic tomato lines. (A) Schematic representation of the silencing construct 615 

pBINPLUS35S:pma binary vector harboring the target genes PaACS, PaM6PR, and PaPrx1 in 616 

hairpin configuration. (B) The presence of the transgene in selected T1 lines (2, 17, 35, 45 and 617 

59) was confirmed by PCR analysis of extracted DNA. Lanes NT and pl show the PCR products 618 

from the non-transgenic control plants and the pBINPLUS35S:pma binary vector, which served 619 

as a positive control. For RT-PCR analysis, total RNA was extracted from tomato roots and 620 

cDNA was then prepared using random hexamer primers. (C) Levels of the transgene transcripts 621 

were analyzed by RT-PCR of the self-pollinated progenies (T1) of the transgenic lines 2, 17, 35, 45 and 622 

59. Expression of the actin gene was used as a control for the RT-PCR procedure, the construct 623 

pBINPLUS35S:pma (pl) served as a positive control and (–RT) served as a negative control. (D) 624 

Northern blot analysis of transgene-siRNA (t-siRNAs) accumulated in transgenic lines 2, 17 and 625 

59. Non-transformed tomato (NT) served as a negative control. Approximately 30 µg of total 626 

RNA from each sample were separated on a 15% urea-PAGE gel and then transferred to a nylon 627 

NX membrane. Hybridization was performed with 32P-labeled transcripts of the transgene clone. 628 

The gel was stained with ethidium bromide for RNA evaluation prior to transfer to nylon (EtBr 629 

stain). (E) Growth and appearance of the transgenic tomato plants (Tr) and non-transgenic (non-630 

Tr) tomato plants in a greenhouse. 631 

 632 

Figure 4. mRNA levels of PaACS, PaM6PR and PaPrx1 in P. aegyptiaca tubercles and resistance of 633 

transgenic and non-transgenic lines to the parasite.(A) Quantification of PaACS, PaM6PR and 634 

PaPrx1 mRNA levels by qRT-PCR normalized to equal levels of actin transcripts in the 635 
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underground tubercles of P. aegyptiaca including controls and transgenic tomato plants. Total 636 

RNA was extracted from 0.5 g of three to five pooled P. aegyptiaca tubercles grown on five 637 

transgenic T1 tomato plants (lines 2, 17, 45 and 59), a non-transgenic control plant (NT) and 638 

transgenic plants carrying an empty vector (EV). Quantitative RT-PCR analysis was performed 639 

using primers specific for PaACS, PaM6PR and PaPrx1. The data presented are relative values 640 

calculated following normalization to P. aegyptiaca actin with the 2-ΔΔct program. The data are 641 

the means of three biological replicates. Bars represent the standard errors of three independent 642 

measurements. The graphs in panels (B) and (C) show the number and fresh weights of P. 643 

aegyptiaca tubercles attached to the transgenic and non-transgenic tomato plants in the 644 

greenhouse pot assay. P. aegyptiaca tubercles were collected from five transgenic T1 tomato 645 

plants (lines 2, 17, 45 and 59), a non-transgenic control plant (NT) and transgenic plants carrying 646 

an empty vector (EV). Means ± SE were calculated based on 10 independent plants. For both 647 

experiments, * and *** indicate means different from NT and EV as determined by Student’s t-648 

test at α = 0.05 and α = 0.001, respectively. (D) Dry weights(g) of host plants were obtained as 649 

described by Hamamouch et al. (2005). Means ± SE were calculated based on 10 independent 650 

plants. For both experiments, *and *** indicate means significantly different from NT and EV as 651 

determined by Student’s t-test atα = 0.05 and α = 0.001, respectively. (The weight in graph C and 652 

D represent individual average amount of each line) 653 

 654 

Figure 5. Phenotypes of transgenic tomato plants and P. aegyptiaca tubercles in the greenhouse 655 

pot assay.(A) Growth and appearance of a representative transgenic tomato plant (Tr) and a 656 

representative non-transgenic (non-Tr) plant growing in the greenhouse. (B) Collection of 657 
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representative parasite tubercles grown on transgenic lines and (C) a collection of representative 658 

parasitic tubercles grown on non-transgenic tomato lines in the pot experiment. 659 
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